Using an optical probe along with single photon detection we have performed effective phonon counting measurements of the acoustic emission and absorption processes in a nanomechanical resonator. Applying these measurements in a Hanbury Brown and Twiss set-up, phonon correlations of the nanomechanical resonator are explored from below to above threshold of a parametric instability leading to self-oscillation of the resonator. Discussion of the results in terms of a "phonon laser", and analysis of the sensitivity of the phonon counting technique are presented.
In optics, the ability to measure individual quanta of light (photons) enables a great many applications, ranging from dynamic imaging within living organisms [1] , to secure quantum communication [2] . Landmark photon counting experiments, such as the intensity interferometry performed by Hanbury Brown and Twiss (HBT) [3] to measure the angular width of visible stars, have played a critical role in our understanding of the full quantum nature of light [4] . In this work we use an optical probe and single photon detection to study the acoustic emission and absorption processes in a silicon nanomechanical resonator, and perform a similar HBT measurement to measure correlations in the emitted phonons as the resonator undergoes a parametric instability formally equivalent to that of a laser [5] . Owing to the cavity-enhanced coupling of light with mechanics, this effective phonon counting technique has a noise equivalent phonon sensitivity of n NEP = 0.89 ± 0.05 at an intracavity photon number of order unity. With straightforward improvements to this method, a variety of quantum state engineering tasks employing mesoscopic mechanical resonators will be enabled [6] , including the generation and heralding of single phonon Fock states [7] and the quantum entanglement of remote mechanical elements [8, 9] .
Mechanical resonators are currently employed in myriad technologies, from precision navigation systems [10] to personal electronics [11] . As with objects at the atomic scale, the properties of macroscopic mechanical resonators are governed by the laws of quantum mechanics, providing fundamental quantum limits to the sensitivity of mechanical sensors and transducers. Current research in the area of cavity-optomechanics seeks to explore the quantum mechanical properties of mechanical systems ranging in size from kilogram mass mirrors to nanoscale membranes [12] , and to develop technologies * These authors contributed equally to this work.
† opainter@caltech.edu for precision sensing [13] and quantum information processing [14] [15] [16] [17] [18] . Measurement of the properties of mechanical systems in the quantum regime typically involve heterodyne detection of a coupled optical or electrical field, yielding a continuous signal proportional to the mechanical displacement amplitude [19] . An alternative method, particularly suited to optical read-out, is to utilize photon counting as a means to probe the quantum dynamics of the coupled opto-mechanical system [20, 21] . Photon counting can be readily adapted to study intensity correlations in an optical field, and has been used not only in the astronomical HBT studies of thermal light, but also in early studies of the photon statistics of laser light and single-atom fluorescence [4, 22] . In the field of photon-correlation spectroscopy, such intensity interferometry techniques have found widespread application in the measurement of particle and molecular motion in materials [23] . More recently, photon counting of Raman scattering events in diamond has been used to herald and verify the quantum entanglement of a THz phonon shared between two separate bulk diamond crystals [9] . In the case of engineered cavity-optomechanical systems, much longer phonon coherence times are attainable, albeit at lower mechanical frequencies (MHz-GHz) which limit the temperature of operation and the optical power handling capability of such structures. Quantum optical schemes for manipulation of the quantum state of motion in cavity-optomechanical systems thus rely on a large per-phonon scattering rate and efficient detection of scattering events. In this work we embed a high-Q, GHz-frequency, mechanical resonator inside an optical nanocavity, greatly enhancing the phonon-photon coupling rate and channeling optical scattering into a preferred optical mode for collection, both of which combine to yield a sub-phonon-level counting sensitivity of the intracavity mechanical resonator occupancy.
A conceptual schematic of the phonon counting experiment presented here is shown in Fig. 1a . The device studied in this work consists of a patterned silicon nanobeam which forms an optomechanical crystal (OMC) [24, 25] The finite element method simulations depict the displacement field of the acoustic resonance (top) and the electric field of the optical resonance. Pump light at optical detuning ∆ = −ωm (∆ = ωm) is indicated by the blue (red) arrows and corresponds to measurement of phonon emission (absorption), while optically resonant light is represented by black arrows. The optical reflection is filtered to reject the pump, then detected in a Hanbury Brown and Twiss (HBT) set-up using two superconducting single photon detectors (SPDs), with outputs used as start/stop pulses in a time-correlated single photon counting module. Left side of the schematic shows the resulting anti-normal-ordered phonon correlation function for blue detuned pumping (∆ = −ωm), while right side of the schematic shows red detuned pumping (∆ = ωm) which yields a normal-ordered correlation function. b, Measured power spectral density S(ω) of the acoustic resonance. c, Normalized optical cavity reflection spectrum R. Pump detunings of ∆ = ±ωm/(2π) = ±5.6 GHz are indicated by the red and blue dashed lines, respectively. d, Transmission spectrum of the first (purple) and second (orange) optical filter, with total filter transmission plotted in black.
able to co-localize acoustic and optical resonances at frequencies ω m and ω c , respectively. Finite-element method simulations of the acoustic and optical resonances are shown at the top of Fig. 1a . The Hamiltonian describing the interaction between the acoustic and optical modes is given byĤ int =hg 0â †â (b +b † ), whereâ (b) is the annihilation operator for the optical (acoustic) mode, and g 0 is the optomechanical coupling rate, physically representing the optical frequency shift due to the zero-point motion of the acoustic resonator. This interaction modulates an optical cavity drive at frequency ω l to produce sidebands at frequencies ω l ± ω m , analogous to the antiStokes and Stokes sidebands in Raman scattering and corresponding to phonon absorption or emission, respectively. For a system in the resolved sideband limit, where ω m κ (κ is the linewidth of the optical resonance), the density of states of the optical cavity can be used to resonantly enhance either scattering process for an appropriately detuned pump. In particular, applying a large coherent pump red (blue) detuned from the optical cavity resonance by ∆ = ω c − ω l = ω m (∆ = −ω m ) results in an effective interaction Hamiltonian of the form
√ n c is the parametrically enhanced optomechanical coupling rate (n c is the intracavity photon number at frequency ω l due to the pump laser). In this case, the output field annihilation operatorâ out can be shown to consist of a coherent component at frequency ω l as well as a component at frequency ω c which is proportional tob (b † ) [26] (see App. F for details). Sending the cavity output through a series of narrowband optical filters centered on the cavity resonance, as shown in Fig. 1a , suppresses the pump so that photon counting events will correspond directly to counting phonon absorption (emission) events [27] . Subsequently directing the filter output to a Hanbury Brown and Twiss (HBT) set-up in order to measure the second-order photon correlation function g (2) (τ ) [3] will then result in a direct measurement of the normally (anti-normally) ordered second-order phonon correlation function.
As described in Ref. [25] , the nanobeam is patterned in such a way as to support a "breathing" acoustic resonance at ω m /2π = 5.6 GHz as well as a fundamental optical resonance at a free-space wavelength near 1550 nm, with a theoretical vacuum coupling rate of g 0 /2π = 860 kHz. As detailed in Ref. [28] , coupling to the optical resonance is accomplished via a singlesided end-fire coupling scheme using a lensed optical fiber. All device measurements presented here are peformed at room temperature and pressure. The thermal Brownian motion of the acoustic resonance can be observed as a Lorentzian response centered around ω m in the noise power spectral density (NPSD) S(ω) of the photocurrent of the reflected optical signal from the cavity, as shown in Fig. 1b . The linewidth of this Lorentzian is given by γ = γ i + γ OM , where γ i is the intrinsic acoustic energy damping rate and γ OM = ±4G 2 /κ is the optomechanically induced damping rate due to dynamical backaction when pumping on the red or blue sideband, respectively [26] . By measuring this linewidth as a function of n c for both red and blue detuning, we can extract γ i /2π = 3 MHz and g 0 /2π = 645 kHz. The optical reflection spectrum of the cavity is shown in Fig. 1c , with the frequencies used for red and blue detuned pumping indicated by dashed lines. For this device, we observe a total optical energy decay rate of κ/2π = 817 MHz and a decay rate into the detection channel of κ e /2π = 425 MHz.
The sensitivity of the phonon counting scheme presented here depends upon the above-measured optomechanical cavity parameters, the dark count rate of the photon detectors, Γ dark , and the residual pump laser light which is transmitted through the filters. In this work we use a cascaded pair of tunable Fabry-Perot filters with bandwidth of 50 MHz and free spectral range of 20 GHz (see Fig. 1d ). The single photon detectors are fiber-coupled, WSi-based superconducting nanowire single-photon detectors (SPDs) [29] . Each detector has 2 . a, Noise equivalent phonon number nNEP versus intracavity photon number nc calculated using the measured signal and noise count rates for our current setup (black circles). Solid lines indicate the theoretically expected contributions due to dark counts (red) and pump bleed-through (blue), based on the measured system efficiency and pump suppression. The blue dashed line indicates the expected pump bleedthrough contribution with an additional filter. b, nNEP versus filter-pump detuning ∆ filter for nc ≈ 65, with (red) and without (black) an additional C-band band-pass filter inserted. The vertical green line indicates the detuning corresponding to the data from a, and the horizontal black line indicates the expected limiting sensitivity.
a system detection efficiency η SPD ≈ 70% at a wavelength of 1550 nm with dark count rates of roughly 4 Hz. A noise-equivalent intracavity phonon occupancy (n NEP ) can be defined by dividing the noise count rates by the per-phonon sideband photon count rate, which yields
where η is the total efficiency of the setup, including the system efficiency of the SPDs as well as optical insertion loss along the path from cavity to detectors, and A is the transmission of the filters at the pump frequency relative to the peak transmission. The above equation makes clear the benefits of large cavity-enhanced optomechanical coupling g 0 , both in terms of the low power sensitivity limited by detector dark counts and the high power sensitivity limited by pump bleed-through. Further details about the detection setup, optical and mechanical spectroscopy, and derivation of n NEP can be found in the App. A-F below.
In Fig. 2a we show the measured sensitivity of the phonon counting setup for ∆ = ω m (solid grey circles), as well as the expected theoretical curve given by Eqn. 1. To measure the total noise count rate, the pump beam is detuned far off-resonance from the optical cavity, ∆ ω m , a n c such that negligible motional sideband photons are generated. The total n NEP can then be computed by normalizing the measured count rate at ∆ ω m by the per-phonon sideband count rate at ∆ = ω m . Here the per-phonon sideband count rate is extrapolated from the measured sideband count rate at low n c , where backaction is negligible and n is equal to the room temperature thermal mode occupancy of n b ≈ 1100. The measured sensitivity follows the expected curve at low power due to detector dark counts (solid red curve), but at high n c saturates to a value several times larger than expected for the filter suppression of the pump (solid blue curve). In order to better understand this excess noise, Fig. 2b shows measurements of the n NEP as a function of filterpump detuning, ∆ filter , at a high power where the pump transmission dominates the noise (n c ≈ 65). A strong dependence on ∆ filter is observed, with a peak in the noise at 5 GHz and a secondary peak at 6.1 GHz, consistent with laser phase-noise of our pump laser [26] . With the addition of a C-band bandpass filter prior to the SPD to remove broadband spontaneous emission from the pump laser, and at frequencies far from the laser phase-noise peaks, the measured n NEP agrees well with the theoretical predictions based on the filter pump suppression (horizontal dashed curve). At the relevant detuning of ∆ filter = ω m (vertical dashed curve), we measure a limiting sensitivity of n NEP = 0.89 ± 0.05.
In what follows, we focus on measurements made with a blue-detuned pump (∆ = −ω m ), in which the optomechanical back-action results in instability and selfoscillation of the acoustic resonator [5, 26] . The Stokes sideband count rate detected on a single SPD, shown versus n c in Fig. 3a , displays a pronounced threshold, with an exponential increase in output power beginning at n c ≈ 1200, where C ≡ |γ OM |/γ i ≈ 0.8, in agreement with the expected onset of instability around C = 1 (γ = 0). This sharp oscillation threshold can also be observed from the measured NPSD (Fig. 3b) , in which the amplitude of the mechanical spectrum is seen to rapidly increase with a simultaneous reduction in linewidth, and in plots of the in-phase and in-quadrature components of the photocurrent fluctuations, which show a transition from thermal noise to a large amplitude sinusoidal oscillation. Also shown in Fig. 3a is the inferred phonon occupancy n , determined by calculating the per-phonon sideband scattering rate at low n c , where n is roughly equal to the thermal occupation, and extrapolating to higher powers assuming linearity in the optomechanical interaction. As detailed in App. G, a self-consistent determination of the oscillation amplitude, based upon comparison of the sideband count rates above and below threshold, indicates that even at our highest pump power the mechanical amplitude remains small enough that the linear approximation remains valid.
The statistical properties of the resonator near the selfoscillation threshold can also be characterized by measuring photon correlations using a HBT setup as shown in Fig. 1 . As the oscillation threshold is crossed, the state of the acoustic resonator will transition from a thermal state into a displaced thermal state (DTS), and the normalized phonon intensity correlation function near τ = 0 should show a transition from bunching (g (2) (0) > 1) to Poissonian statistics (g (2) (τ ) = 1 for all τ ). Plots of g (2) (τ ) below, at, and above threshold are shown in Fig. 4a . Below threshold bunching is clearly visible, with g (2) (0) = 2 as expected for a purely thermal state. In Fig. 4b g (2) (0) is plotted versus n c for both blue-and red-detuned pump light. For a blue-detuned pump a smooth decrease from g (2) (0) = 2 to g (2) (0) = 1 is observed in the threshold region, while for a red-detuned pump the oscillator is observed to remain in a thermal state through threshold and beyond. The decay rate of the acoustic resonator, measured from both the linewidth of the NPSD and from an exponential fit to g (2) (τ ) below threshold, is plotted in Fig. 4c . The decay rate as measured from the NPSD, which includes both phase and amplitude fluctuations, is seen to increase around threshold before continuing to decrease. This behavior is commonly observed in semiconductor lasers where a coupling exists between the gain and the cavity refractive index, and a similar effect arises in optomechanical oscillators due to the optical spring effect [30] . The decay rate measured from g (2) (τ ), on the other hand, which measures intensity fluctuations, begins to deviate from the measured linewidth in the vicinity of threshold. Thermal phonon emission dictates a strict correspondence between the second-order and first- order coherence functions [4] , however, above threshold where the phonon statistics are no longer purely thermal, such a deviation is possible, and in fact predicted for self-sustaining oscillators [31] . The Fano factor, defined as F = (∆n) 2 / n = 1 + n (g (2) (0) − 1), provides additional statistical information about the fluctuations of the oscillator, and is useful for defining a precise oscillator threshold [32] as well as distinguishing between states that may have similar or identical values of g (2) (0) (e.g. a coherent state versus a DTS) [30] . The Fano factor of our mechanical oscillator, computed from the measured g (2) (0) and the inferred values of n , is displayed in Fig. 4d and shows the expected increase and peak in fluctuations at threshold. Above threshold, the Fano factor drops again due to saturation in the optome-chanical gain, approaching a measured value consistent with that expected for a DTS (F ∼ 2n b + 1).
Although we have emphasized the analogy between the optomechanical oscillator studied here and a laser, there are unique differences which arise due to the intrinsically nonlinear nature of the radiation pressure interaction in an optomechanical cavity. Recent theoretical studies [20, 30, 33] indicate that a laser-driven optomechanical oscillator will enter a nonclassical mechanical state with anti-bunched phonon statistics (F < 1), and under slightly more restrictive conditions, strongly negative Wigner density. Surprisingly, this is predicted to be observable even for classical parameters, i.e., outside the single-photon strong-coupling regime (g 0 /κ < 1), and in the presence of thermal noise. Beyond phonon correlation spectroscopy of optomechanical oscillators, it is envisioned that sensitive photon counting of the filtered motional sidebands may be utilized in the preparation and heralding of non-Gaussian quantum states of a mechanical resonator [6] . For the OMC cavities of this work, with their large optomechanical coupling rate and near millisecond-long thermal decoherence time at sub-Kelvin temperatures [28] , the phonon addition and subtraction processes of Ref. [6] should be realizable with high fidelity and at rates approaching a megahertz. Whether for studies of the quantum behavior of mesoscopic mechanical objects or in the context of proposed quantum information processing architectures utilizing phonons and photons [16] , such photon counting methods are an attractive way of introducing a quantum nonlinearity into the cavity-optomechanical system.
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The authors would like to thank F. Marquardt The optomechanical crystal (OMC) studied in this work is numerically optimized for both optomechanical coupling and optical/acoustic quality factor, via finiteelement method (FEM) simulation in COMSOL Multiphysics [34] , according to the procedure outlined in Ref. [25] . The holes on the ends of the beam support simultaneous bandgaps for optical light with wavelengths near 1550 nm and acoustic waves with frequencies from 3 − 5.5 GHz, while the variation of holes towards the center of the beam perturb the bandgaps so as to create co-localized optical and acoustic midgap resonances. The fundamental optical mode (Fig. 5a ) has a nominal wavelength of 1545 nm and the fundamental acoustic mode (Fig. 5b) has a nominal resonance frequency of 5.1 GHz. The nominal optomechanical vacuum coupling rate, due predominantly to photoelastic effects, is predicted to be g 0 /2π = 860 kHz. Physically, this coupling rate is the optical resonance frequency shift due to the zero-point fluctuations of the acoustic resonator.
Appendix B: Fabrication
The devices are fabricated from a silicon-on-insulator (SOI) wafer (SOITEC, 220 nm device layer, 3µm buried oxide) using electron beam lithography followed by reactive ion etching (RIE/ICP). The Si device layer is then masked using a ProTEK PSB photoresist to define a mesa region of the chip to which a tapered lensed fiber can access. Outside of the protected mesa region, the buried oxide is removed with a plasma etch and a trench is formed in the underlying silicon substrate using tetramethylammonium hydroxide (TMAH). The devices are then released in hydrofluoric acid (49% aqueous HF solution) and cleaned in a piranha solution (3-to-1 H 2 SO 4 :H 2 O 2 ) before a final hydrogen termination in diluted HF. In fabrication, arrays of the nominal design shown in Fig. 5 are scaled by ±2% to account for frequency shifts due to fabrication imperfections and disorder.
Appendix C: Experimental setup
The full experimental setup for phonon counting and intensity interferometry is shown in Fig. 6 . A fibercoupled, wavelength tunable external cavity diode laser is used as the light source, with a small portion of the laser output sent to a wavemeter (λ-meter) for frequency stabilization. The remaining laser power is sent through an electro-optic phase modulator (φ-m), used to generate optical sidebands for locking the filter cavities, and a variable optical attenuator (VOA) to allow control of the input power to the cavity. The signal is then sent into an optical circulator which sends the optical probe to the a lensed fiber tip for end-fire coupling to the device. The cavity reflection can then be switched to one of two detection setups. The first allows the signal to be switched to a power meter (PM) for measuring the reflected signal power or to an erbium-doped fiber amplifier (EDFA) followed by a high-speed photodetector (PD). The resulting photocurrent can be sent to a realtime spectrum analyzer (RSA) in order to measure the noise power spectral density (NPSD) of the optical signal or to a vector network analyzer (VNA) which can be used to measure the full complex response of the optical cavity. The second detection setup sends the cavity reflection through a series of narrowband tunable Fabry-Perot filters (∼ 50 MHz bandwidth, ∼ 20 GHz free-spectral range) in order to reject the pump frequency. The signal then travels through a variable coupler (VC) and is sent to the dilution refrigerator where is is detected by two superconducting single photon detectors (SPD). The output of these detectors is sent to a time-correlated single photon counting (TCSPC) module for calculation of the detection correlation function.
Since the pump laser is tuned to a motional sideband during the phonon counting measurement, the two Fabry-Perot filters used in this work must be tuned to the optical cavity resonance via an initial lock and stabilization procedure. This procedure is as follows. First, the pump wavelength is tuned to the blue or red OMC sideband by optimizing the mechanical transduction signal on a spectrum analyzer. Since the power of the radiated Stokes-or anti-Stokes-scattered light is too low to provide a feedback signal for filter stabilization, we then bypass the OMC and phase-modulate the pump at frequency ω m . The filters are then locked to maximize transmission of the sideband which is resonant with the cavity. After a stabilization period of a few seconds, the filter positions are held without further feedback while the pump modulation is turned off, pump power is adjusted for the desired n c , and the OMC is switched back into the optical path. Once locked, the transmission of the filters is observed to be stable to within 5 − 10% for several minutes in the absence of active feedback locking. In order to avoid pile-up artifacts [35] in the acquired g (2) (τ ) histograms presented in the main text, the photon count rate incident upon the SPDs is kept at or below 30 kHz. This is accomplished with a variable optical attenuator on the output of the filters, and is sufficient to maintain a flat histogram background over a 5 µs window. The absolute count rate reported in Fig. 3a takes the variable attenuation into account.
Appendix D: Device characterization
Full characterization of the optical resonance involves determination of the single pass fiber-to-waveguide coupling efficiency η cpl , the total energy decay rate κ, and the waveguide-cavity coupling efficiency η κ = κ e /κ (κ e is the decay rate into the detection channel). The fiber collec- tion efficiency is determined by observing the calibrated reflection level far-off resonance with the cavity and is found to be η cpl = 0.63. The total cavity decay rate is determined by fitting the optical reflection spectrum of the cavity (Fig. 7a) and yields κ/2π = 818 MHz (optical quality factor Q c = 236, 000). The reflection level on resonance, when normalized to the off-resonance reflection level, is related to the cavity-waveguide coupling efficiency by R 0 = (1−2η κ ) 2 . However, for single-sided coupling this is not a single-valued function of the coupling efficiency. Consequently, the complex response of the cavity is measured by locking the laser off-resonance from the cavity and using a vector network analyzer (VNA) to drive an electro-optic modulator (EOM) and sweep an optical sideband across the cavity. By detecting the reflected power on a high-speed photodetector connected to the VNA input, the phase response of the cavity can be measured (Fig. 7b ). Fitting this with prior knowledge of the cavity resonance frequency and decay rate yields η κ = 0.52.
To characterize the acoustic resonance, the cavity reflection is sent through an erbium-doped fiber amplifier (EDFA) and detected on a high-speed photodetector. The EDFA is used to amplify the signal so that the optical noise floor overcomes the detector's electronic noise, and the noise power spectral density (NPSD) of the optical reflection is measured on a real-time spectrum analyzer (RSA), where a Lorentzian response due to transduction of the acoustic thermal Brownian motion can be observed at the acoustic resonant frequency ω m /2π = 5.6 GHz. For a pump laser locked onto the red or blue mechanical sideband of the cavity (∆ = ω c − ω l = ±ω m ) the linewidth of the transduced signal is given by γ = γ i ± γ OM , where γ OM = ±4g 2 0 n c /κ (n c is the steady state intracavity photon number). The dependence of linewidth for both detunings versus n c is shown in Fig. 8 . By averaging the two sets of data we can extract the intrinsic acoustic damping rate γ i /2π = 3 MHz (Q m = 1850), which is seen to remain constant as a function of n c . By fitting the excess optomechanically induced damping γ OM as a function of n c we extract a [29] and very low dark count rates (DCRs). With the SPD in the superconducting state (below its critical temperature T c = 3.7 K), a DC bias current I b of a few microamps is maintained through the nanowire by an external current source. The operating range of the detector lies between a lower cutoff current and an upper switching current I sw , above which the nanowire switches to a non-superconducting state. The choice of quiescent operating current I b for each detector was made to roughly maximize the ratio of the quantum efficiency η SPD to DCR while operating within the "plateau" region where both η SPD and the DCR are nearly constant as I b is adjusted slightly.
The SPDs are mounted on the still stage of a 3 He/ 4 He dilution refrigerator at 700 mK. Single-mode optical fibers (Corning SMF-28) are passed into the refrigerator through vacuum feed-throughs and coupled to the SPDs via a fiber sleeve attached to each SPD mount. Proper alignment of the incoming fiber with the 15 µm × 15 µm square area of the SPD nanowire is ensured by a selfaligned mounting system incorporated into the design of the SPD [29] . The radio-frequency output of each SPD is amplified by a cold-amplifier mounted on the 50 K stage of the refrigerator as well as a room-temperature amplifier, then read out by a triggered PicoQuant PicoHarp 300 time-correlated single photon counting module. The counting module is triggered by input pulses reaching a voltage above a fixed discriminator value V d . Amplified photon-detection pulse heights of 150 − 250 mV are typical, and corresponding discriminator values in the range 110 − 150 mV were chosen for each SPD by measuring nominal count rates as a function of V d and choosing an operating value of V d to be near the center of the plateau region in which the observed count rates are independent of small changes in the discriminator setting.
Initial characterization of the SPDs was centered on measuring dark count rates and the quantum efficiencies of the detectors. The measured DCRs are sensitive to various channels by which stray light may couple into the fiber-detector system, including ambient laboratory lighting and thermal radiation both inside and outside the refrigerator. By tightly spooling (∼ 1.5 inch diameter) the optical fiber within the fridge to filter out long wavelength blackbody radiation and systematically isolating the optical fiber from environmental light sources we have achieved DCRs of 2 − 4 c.p.s.
Quantum efficiency measurements of the SPDs were made using laser light of λ = 1554 nm attenuated to an input power of 1.53 fW at the input to the fridge, corresponding to N ≈ 12, 000 incoming photons per second. We calculate η SPD by referring the detected photon count rate (less the corresponding known DCR) to the nominal input flux N . This efficiency incorporates the intrinsic detection efficiency of the SPDs as well as any losses in the fiber run within the fridge and in the coupling between the fiber and the SPD itself. At just below the respective switching currents of the detectors, we find η SPD = 70%, with this result depending on photon polarization ( < ∼ 20% variability).
whereâ in (ω) = αδ(ω)+â vac (ω) (α is the steady-state optical field at the pump frequency,â vac (ω) is the vacuum noise of the pump), κ i = κ − κ e is the intrinsic loss rate of the optical cavity,â i (ω) is additional vacuum noise admitted via the intrinsic loss channels, andb(ω) is the annihilation operator for the acoustic resonator. Note that b † (ω) takes the place ofb(ω) for a blue-detuned pump (∆ ≈ −ω m ).
Asb(ω) is sharply peaked around ω = ω m , we can spectrally filter out the strong optical pump at ω = 0. The additional optical noise, assumed to be white Gaussian noise, cannot be filtered out in this way. However, in the case that the optical noise is pure vacuum noise it will not contribute to any photon counting events. Thus, for the purposes of photon counting the output optical field can be written post-filtering aŝ a out (t) ≈ 2 √ κ e n c g 0
which shows explicitly that in this linearized regime photon counting is equivalent to phonon counting ( â † outâout ∝ b †b ).
As can be seen in the above equation, the optically induced acoustic damping rate γ OM physically represents the per-phonon rate of sideband photon emission, corresponding to phonon absorption (emission) for ∆ = ω m (∆ = −ω m ). Of the sideband photons emitted into the optical cavity, a fraction κ e /κ are subsequently emitted into the detection channel and detected with overall system efficiency η, including both the system efficiency of the SPDs as well as insertion loss along the path from cavity to detector. The count rate per phonon is thus given by Γ SB,0 = η(κ e /κ)γ OM , and the total count rate is given by Γ tot = Γ SB,0 n + Γ pump + Γ dark ,
where n is the average phonon occupancy of the acoustic resonator, Γ pump is the count rate due to residual pump transmission through the filters, and Γ dark is the intrinsic dark count rate of the SPD.
To assess the sensitivity of the phonon counting measurement, the noise count rate can be divided by the perphonon sideband count rate to obtain a noise-equivalent phonon number n NEP = n pump + n dark = Γ pump Γ SB,0 + Γ dark Γ SB,0 .
The dark count rate Γ dark is simply a measured constant, while Γ pump = ηAṄ pump , where A is the transmission of the filters at the pump frequency relative to the peak transmission, andṄ pump is the input photon flux of the pump, which is nearly perfectly reflected from the cavity when the pump is far off-resonance. For a pump detuning from the cavity of ∆ = ω m , the input photon flux can be related to the intracavity photon number n c byṄ pump ≈ ω 2 m n c /κ e . Thus, we can write the total noise-equivalent phonon number as The classical equation of motion for the optical cavity field α is given in the frame rotating at the pump frequency byα
where x is the position of the acoustic resonator, Ω = κ e P in /hω c , and P in is the optical input power at the device. In the regime of parametrically driven selfoscillation, the amplitude of the acoustic oscillator can become large enough that the usual linearization approximation becomes invalid. However, using the ansatz that the mechanical oscillation amplitude is given by x(t) = βsin(ω m t) (note that β is given in units of the zero-point amplitude, so that β 2 = 4 n + 2), an exact solution for the optical cavity field can be written as a sum of sidebands.
In particular, the equation of motion can be formally integrated to yield α(t) = Ωe (G2) where z = g 0 β/ω m . This can be solved exactly by using the Jacobi-Anger expansion e izcos(θ) = n i n J n (z)e inθ , where J n is a Bessel function of the first kind, to yield 
which can be reindexed to have the form α(t) = n α n e inωmt , with
